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With the rising epidemics of obesity and nonalcoholic fatty
liver disease (NAFLD) and its downstream consequences
including steatohepatitis, cirrhosis, and type 2 diabetes in
the U.S. and worldwide, new therapeutic approaches are
urgently needed to treat these devastating conditions.
Glucagon, known for a century to be a glucose-raising
hormone and clearly demonstrated to contribute to fast-
ing and postprandial hyperglycemia in both type 1 and
type 2 diabetes, represents an unlikely target to improve
health in thosewithmetabolic syndrome. However, recent
work from our group and others’ identifies an unexpected
role for glucagon as a potential means of treating NAFLD,
improving insulin sensitivity, and improving the lipid pro-
file. We propose a unifying, calcium-dependent mecha-
nism for glucagon’s effects both to stimulate hepatic
gluconeogenesis and to enhance hepatic mitochondrial
oxidation: signaling through the inositol 1,4,5-trisphos-
phate receptor type 1 (INSP3R1), glucagon activates
phospholipase C (PKC)/protein kinase A (PKA) signaling
to enhance adipose triglyceride lipase (ATGL)-dependent
intrahepatic lipolysis and, in turn, increase cytosolic
gluconeogenesis by allosteric activation of pyruvate car-
boxylase. Simultaneously in the mitochondria, calcium
transferred throughmitochondria-associatedmembranes
activates several dehydrogenases in the tricarboxylic acid
cycle, correlated with an increase in mitochondrial energy
expenditure and reduction in ectopic lipid. This model
suggests that short-term, cyclic treatment with glucagon
or other INSP3R1 antagonists could hold promise as a
means to reset lipid homeostasis in patients with NAFLD.

For a century, glucagon has been considered the prover-
bial “ugly stepsister” of insulin. It was discovered simulta-
neously with insulin, when Banting and Best observed
that injecting pancreatic extracts into diabetic dogs

resulted in a rapid rise in blood glucose, followed by a pre-
cipitous drop (1). Most attention at the time rightly
focused on the glucose-lowering properties of the pancre-
atic extracts, which rapidly transformed type 1 diabetes
from a death sentence into a chronic disease. However,
the underlying physiology of maintenance of metabolic
homeostasis revealed by the immediate increase in plasma
glucose in those injected with pancreatic extract was not
forgotten. Studying pancreatic extracts immediately
thereafter, Murlin and Kimball confirmed the existence of
a hyperglycemic factor in pancreatic extracts (2) and
named it “glucagon” (GLUCose-AGONist) (3). Initially,
this phenotype was discounted, as it was believed to
result from an increase in epinephrine following pancre-
atic extract injection or from a contaminant in the prepa-
ration, and glucagon’s effects were largely unexplored for
several decades.

Following its purification in 1949 by Sutherland et al.
(4), glucagon underwent a renaissance in the 1950s. It
was sequenced and commercialized and was approved by
the U.S. Food and Drug Administration as a treatment
for severe hypoglycemia in 1960. Simultaneously and
thereafter, research clarified glucagon’s position as a
driver of endogenous glucose production both in vivo and
in vitro, through its effects to stimulate both glycogenoly-
sis and gluconeogenesis (5). Further work advanced the
potential links between glucagon and hyperglycemia in
poorly controlled diabetes: in animal models of type 1 dia-
betes, knocking out (6–9) or antagonizing the glucagon
receptor (10–13) normalized glycemia even in the absence
of endogenous insulin secretion. It should, however, be
noted that mice in which the glucagon receptor was
knocked down after the onset of streptozotocin-induced
diabetes showed only a partial response to glucagon
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receptor knockdown (9), calling into question the extent
to which glucagon receptor activity drives hyperglycemia
on a continuing basis in existing diabetes.

Even so, based on these preclinical studies, therapeutic
approaches targeting the glucagon receptor, including
monoclonal antibodies, antisense oligonucleotides, and
small-molecule antagonists, were subsequently advanced
into phase I and II clinical trials. Unfortunately, the
results have been disappointing. As reviewed recently
(14), while glucagon receptor antagonism has shown
some promise in terms of glucose lowering in patients
with diabetes, adverse effects including hyperlipidemia
and elevated transaminase concentrations—which are of
particular concern in this patient population—have lim-
ited enthusiasm for the further development of glucagon-
modulating interventions as an approach to antidiabetes
therapy (Table 1).

Glucagon was shown by Wang et al. (15) to stimulate
hepatic glucose production through activation of the
INSP3 receptor. INSP3R1, a channel that permits calcium
release through the endoplasmic reticulum in several cell
types, is the main INSP3 expressed in liver (16). However,
clinical studies have not proven to what extent changes in
IP3R1 signaling per se mediate the glucose-lowering
effects of glucagon receptor antagonism in certain set-
tings. Such mechanistic studies may provide nuance
regarding the known effects of glucagon to raise, and glu-
cagon receptor antagonism to lower, blood glucose con-
centrations in some settings.

A strong signal was observed, in clinical trials of gluca-
gon receptor antagonism, with regard to derangements in
lipid metabolism (specifically, increases in serum LDL cho-
lesterol and increases in liver fat) and has reinvigorated
interest in exploring the impact of glucagon on both
whole-body and tissue-specific energy metabolism, as
reviewed by Heppner et al. (17). Indeed, a high-dose infu-
sion of glucagon increases energy expenditure in both
humans and rodents (reviewed recently in 18), presumably
through an increase in mitochondrial oxidation. However,
the dependence of this phenotype on or independence of
this phenotype from INSP3R signaling had not been
proven. These data led our group to further examine the
mechanism by which glucagon simultaneously exerts its
seemingly antagonistic catabolic and anabolic effects and
the therapeutic implications for glucagon’s effect to
enhance mitochondrial energy generation.

Considering the opposite conditions under which the
catabolic and anabolic programs (energy excess vs. deficit,
respectively) may be advantageous, as well as their differing
cellular locations (mitochondria vs. cytosol) and energetic
balance (producing vs. utilizing triphosphates), we sur-
mised that the mechanisms by which glucagon promotes
gluconeogenesis and mitochondrial oxidation are likely dif-
ferent. While we showed that glucagon receptor activation
of INSP3R1 signaling was required for both programs, the
downstream mechanisms by which glucagon exerts its

effects on glucose production and mitochondrial oxidation
are quite different. Downstream of the glucagon receptor,
PLC and PKA signaling pathways phosphorylate and acti-
vate INSP3R1. While their immediate signaling pathways
are different and are outside the scope of our recent study,
it appears that both the PLC and PKA signaling pathways
converge on activating INSP3R1 phosphorylation. By
releasing calcium into the cytosol, INSP3R1 subsequently
activates cytosolic Ca21/calmodulin-dependent protein
kinase II (CAMKII), which in turn phosphorylates and
thereby activates ATGL, a key rate-limiting lipolytic enzyme
(19) (Fig. 1). Breakdown of intrahepatic lipids (triglycer-
ides) in the cytosol generates both an essentially unregu-
lated gluconeogenic substrate (glycerol) and fatty acids,
which are oxidized to acetyl-CoA molecules in the mito-
chondria. Acetyl-CoA is an allosteric activator of pyruvate
carboxylase and therefore of gluconeogenesis (20–22). We
confirmed that each of these steps relies on INSP3R1-
mediated calcium signaling: both INSP3R1 knockout livers
in vivo and knockout hepatocytes in vitro lacked any lipo-
lytic or gluconeogenic response to glucagon (19). In the
future, it will be worthwhile to interrogate other potential
targets of glucagon/IP3R1, as it is almost certain that acti-
vation of ATGL is not the only metabolic mechanism by
which glucagon acts on hepatocytes to modulate hepatic
lipid and glucose metabolism. Some have already been
demonstrated. For example, glucagon has been shown to
inhibit pyruvate kinase both transcriptionally and via phos-
phorylation as a result of PKA-dependent signaling (5).
Because it catalyzes the conversation of phosphoenolpyr-
uvate (PEP) to pyruvate, pyruvate kinase depletes the cyto-
solic pool of PEP, a key gluconeogenic precursor. Reduced
pyruvate kinase expression and/or activity therefore pro-
motes gluconeogenesis and is likely a complementary
mechanism by which glucagon enhances rates of hepatic
gluconeogenesis. Additionally, glucagon—or a low insulin-
to-glucagon ratio—inactivates phosphofructokinase-2 in
liver, thereby signaling to hepatocytes to downregulate
glycolysis and enhance gluconeogenesis by depleting
concentrations of fructose 2,6-bisphosphate (23). These
redundant mechanisms may cooperate to ensure that
glucagon-mediated gluconeogenesis will occur in the
evolutionarily critical state of fasting.

A key question when placing these data in the con-
text of the literature on glucagon biology is whether
INSP3R1 signaling is responsible for the well-docu-
mented effects of glucagon on amino acid metabolism.
Glucagon has been clearly shown to increase amino acid
catabolism (24–27), although this effect may be more
pronounced in those with nonalcoholic fatty liver dis-
ease (NAFLD) than in healthy subjects (25). Amino
acids are clearly both gluconeogenic and anaplerotic
substrates, and it is almost certain that amino acid
catabolism contributes to both effects on metabolic
physiology reported in the manuscript on which this
article is based, although this mechanism was not
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Table 1—Clinical trials of chronic glucagon manipulation
Ref. Intervention Duration Key findings

43 Glucagon receptor antagonist (LY2409021) 12 or 24 weeks � Dose-dependent #HbA1c

� #Blood glucose following mixed
meals (larger reduction after 12
weeks than 24)

� Dose-dependent "ALT
44 Glucagon receptor antagonist (LY2409021) 28 days (dose escalation) � #Fasting serum glucose

� #HbA1c

� Dose-dependent "ALT
45 Glucagon receptor antagonist (MK-0893) 12 weeks � Dose-dependent #HbA1c

� "Bile acids, phytosterols

46 Glucagon receptor antagonist (MK-0893) 4 weeks � #24-h weighted mean blood glucose
� Trend toward "LDL-c, blood
pressure, liver enzymes

47 Glucagon receptor antagonist (MK-0893) 12 weeks � Dose-dependent #fasting blood
glucose, HbA1c

� Dose-dependent "LCL-c
� Dose-dependent "body weight

48 Glucagon receptor antagonist (MK-0893) 1
metformin or sitagliptin

4 weeks � #Weighted mean and postprandial
glucose in MK-0893 1 metformin or
sitagliptin vs. metformin 1 sitagliptin

� No significant difference in LDL-c,
HDL-c, or TG

49 Glucagon receptor antagonist (LGD-6972) 14 days � #Fasting plasma glucose

50 Glucagon receptor antagonist (MK-3577) 4 weeks � #HbA1c

� "LCL-c with MK-3577 BID

51 Glucagon receptor antagonist (LY2409021) 24 weeks � #HbA1c

� Reversible "ALT
� No change in lipids, weight, or
blood pressure

52 Glucagon receptor antagonist (LY2409021)
or sitagliptin 1 metformin and sulfonylurea

6 months � "Hepatic fat fraction
� "Body weight, total cholesterol,
systolic blood pressure

� #HbA1c vs. placebo but not
sitagliptin

53 Glucagon receptor antagonist (LY2409021) 6 weeks � #HbA1c

� "ALT, AST, GGT, total cholesterol,
LDL-c, TG

54 Glucagon receptor antagonist (PF-06291874) 14 or 28 days � Dose-dependent #plasma glucose
� Dose-dependent "LDL-c
� Transient "glucogenic amino acids

55 Glucagon receptor antagonist (PF-06291874) 28 days � #Mean daily and fasting plasma
glucose

� "aminotransferases
� No change in LDL-c

56 Glucagon receptor antisense oligonucleotide
(IONIS-GCGRRx) 1 metformin

13 or 26 weeks � #HbA1c

� Dose-dependent "ALT
57 Glucagon receptor antisense oligonucleotide

(IONIS-GCGRRx) 1 metformin
26 weeks � #HbA1c

� #GLP-1
� Dose-dependent "ALT
� No change in body weight, lipids, or
blood pressure

58 Glucagon receptor antisense oligonucleotide
(ISIS 325568)

6 weeks � "Glucagon
� #Glucagon-induced increase in
plasma glucose and glucose
production

Continued on p. 1837

1836 INSP3R1 and Hepatic Lipid and Glucose Metabolism Diabetes Volume 71, September 2022



tested in our study. The role of gluconeogenesis sup-
plied by amino acids may be particularly important in
the context of fasting, when muscle proteolysis is upre-
gulated. Whether glucagon’s effect to stimulate amino
acid catabolism requires INSP3R1 has not been deter-
mined as of yet, but would be of great interest in future
studies.

As is always the case, particularly in studying a
pleotropic hormone such as glucagon, the data demon-
strating that glucagon rapidly promotes hepatic gluco-
neogenesis must be interpreted with some degree of
caution. A key evolutionary basis for glucagon must be
to maintain glycemia in the fasting state, during which

the duration of hyperglucagonemia far exceeds the 2-
h period over which glucagon was infused in our tracer
studies. Although we did not observe any impact of a
2-h infusion of glucagon on gluconeogenic protein
concentrations, in the fasting state it is known that
gluconeogenic protein expression does increase (28–30),
likely through CREB-dependent transcription (30) in
part as a result of increased glucagon concentrations
(31,32). Therefore, we must not overinterpret the
mechanism proposed in the recent study; it is likely
that under fasting conditions, allosteric/substrate reg-
ulation of gluconeogenesis via intrahepatic lipolysis,
as well as transcriptional regulation at the level of the

Table 1—Continued
Ref. Intervention Duration Key findings

59 Humanized IgG4 mAb (LY2786890) 28 days � Dose-dependent #fasting plasma
glucose

� Dose-dependent
"aminotransferases

Only studies in which treatment continued for at least 14 days are included. Studies included in this table are limited to those per-
formed in healthy volunteers (44,49) and in subjects with type 2 diabetes (43–57,60). BID, bis in die (twice daily); GGT, g-glutamyl
transferase; GLP-1, glucagon-like peptide 1; HDL-c, HDL cholesterol; LDL-c, LDL cholesterol; mAb, monoclonal antibody; Ref.,
reference no.; TG, triglycerides.

Figure 1—A simplified view of the mechanisms by which glucagon stimulates gluconeogenesis and mitochondrial oxidation, both through
activation of INSP3R1 signaling. Figure created with BioRender (https://biorender.com). MAM, mitochondria-associated membrane;
P, phosphorylation; PC, pyruvate carboxylase.
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rate-limiting gluconeogenic enzymes, contributes to
glucagon’s effect to promote hepatic gluconeogenesis.
Further, while this study was designed to examine the
mechanisms by which glucagon promotes gluconeo-
genesis, it bears remembering that glucagon also has a
profound effect to stimulate hepatic glycogenolysis
and that under substrate-replete conditions, enhance-
ment of glycogenolysis is likely the most physiologi-
cally important glucose-raising action of glucagon
(33). Ozcan et al. (34) showed that glucagon stimula-
tion of glycogenolysis does require CAMKII, and it is
possible that INSP3R1’s effect to stimulate CAMKII
activity may also be responsible for glucagon’s effect
to promote glycogenolysis, but this hypothesis was
not tested in our study.

More surprising than the mechanism by which gluca-
gon promotes hepatic gluconeogenesis were our findings
regarding glucagon’s action on hepatic mitochondrial oxi-
dation. When calcium is released from the endoplasmic
reticulum as a result of INSP3R1 signaling, it not only
enters the cytosol where it activates intrahepatic lipolysis,
it also enters the mitochondria through mitochondria-
associated membranes (Fig. 1). There, calcium activates
several enzymes supplying and within the proximal part
of the tricarboxylic acid cycle, including pyruvate dehydro-
genase, isocitrate dehydrogenase, and a-ketoglutarate
dehydrogenase (35). Accordingly, when we applied posi-
tional isotopomer nuclear magnetic resonance tracer anal-
ysis (PINTA) to examine hepatic metabolism in awake
mice using a steady-state infusion of [3-13C]lactate (36),
we observed that glucagon acutely increases the hepatic
mitochondrial oxidation rate (19). It is important to note
that, although glucagon increases hepatic b-oxidation—
likely as a consequence of increased fatty acid supply due
to increased hepatic lipolysis—increases in hepatic acetyl-
CoA concentrations cannot explain the increases in mito-
chondrial oxidation observed in mice treated with gluca-
gon. The rate of tricarboxylic acid cycle flux is controlled
by ADP concentrations and enzyme activity rather than
substrate influx (anaplerosis). Further, acetyl-CoA is an
inhibitor of pyruvate dehydrogenase activity via its effect
to activate pyruvate dehydrogenase kinase, a potent
inhibitor of pyruvate dehydrogenase (37). Thus, if sub-
strate/allosteric regulation of mitochondrial oxidation
were the primary regulator of this process, glucagon’s
lipolytic action in the liver may be expected to inhibit cit-
rate synthase flux by increasing acetyl-CoA concentra-
tions. This highlights the critical regulatory role for
calcium in activating mitochondrial dehydrogenases and
consequently the glucagon-mediated increases in hepatic
mitochondrial oxidation.

A natural extension arising from our acute data dem-
onstrating an increase in hepatic mitochondrial glucose
and fatty acid oxidation with acute glucagon infusion is to
ask how chronic hyperglucagonemia would affect systemic
metabolism. To answer that question, we performed a

chronic (3.5 week) subcutaneous infusion of glucagon in
obese mice. Glucagon did not alter food intake or sys-
temic energy expenditure (the latter likely because the
dose of glucagon was selected so as to generate a physio-
logic, three to fivefold increase in plasma glucagon con-
centrations and was lower than those used in prior
studies where an increase in energy expenditure was
detected [18]). It is likely that glucagon-induced increases
in mitochondrial oxidation were confined to certain tis-
sues—perhaps only liver—that have a smaller bearing on
whole-body energy expenditure than the largest energy
producers, skeletal muscle and brown adipose tissue.
These data also highlight the point that mitochondrial
oxidation and ATP production are not a surrogate for
total daily energy expenditure or vice versa. We showed a
similar phenomenon with two mitochondrial uncouplers
derived from 2,4-dinitrophenol, which increased fatty acid
oxidation only in liver and not in other tissues (38,39).
These uncouplers increased mitochondrial fatty acid
oxidation in specific tissues, but not ATP production or
whole-body energy expenditure, thereby providing an
example of the decoupling, as it were, of ATP produc-
tion, mitochondrial oxidation, and energy expenditure.

However, in wild-type mice, continuous glucagon infu-
sion reduced hepatic triacylglycerol and diacylglycerol con-
tent by >50% and improved systemic insulin sensitivity,
as reflected by lower plasma glucose and insulin concen-
trations throughout a glucose tolerance test, in both wild-
type mice and rats. The data in mice were particularly
striking because although the glucagon infusion was ter-
minated prior to the glucose tolerance tests in rats, wild-
type mice exhibited improved glucose tolerance despite
the fact that glucagon infusion continued via subcutane-
ous pumps throughout the tolerance tests. In contrast, in
liver-specific INSP3R1 knockout animals, glucagon had no
effect on hepatic lipid content or on glucose tolerance
(19).

These data would suggest that glucagon agonism is
a potential therapeutic strategy for NAFLD; however,
several caveats must be considered before advancing
this strategy to therapeutic trials. The translatability
of studies conducted exclusively in rodents lends some
degree of caution in considering the therapeutic impli-
cations of the findings. Indeed, to the author’s knowl-
edge no genome-wide association studies have connected
enzymes in the glucagon signaling pathway (Gcg, Gcgr,
Adcy5, Adcy6, Pnas, Prkaca) with NAFLD. This may not be
a fatal flaw considering the correlative nature of genome-
wide association studies but may give an investigator
pause before considering clinical studies using glucagon
agonists.

Additionally, perhaps the phenotype observed by others
that is most difficult to reconcile with our recent work on
glucagon/INSP3R1-mediated mitochondrial oxidation is
the finding by Feriod et al. (16) that liver-specific INSP3R1
knockout mice exhibited a modest reduction in liver
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triglyceride content when fed a high-fat diet. These data
are seemingly contradictory to our data demonstrating
that INSP3R1 was required to mediate the effect of gluca-
gon to reduce hepatic lipid content in obese animals:
INSP3R1 knockout mice infused with glucagon exhibited
>50% higher lipid content than wild-type mice infused
with glucagon (19). This contradiction is particularly sur-
prising considering that the background strain, genotype,
sex, age, diet, and housing facility (though not the room in
which they were housed) were all the same between our
study and that of Feriod et al. Further, metabolic pheno-
typing was performed by the same blinded investigators
through the Yale Mouse Metabolic Phenotyping Center.
The most likely—if somewhat unsatisfying—explanation
for these discrepancies is that IP3R1’s pleotropic effects
are different in the zero-to-normal range (as would be
observed in IP3R1 knockouts not treated with glucagon)
than in the high range (as would be observed during
chronic glucagon infusions). We recognize the dubious logic
of the idea that a hormone would have one effect in the
low range and the opposite effect in the high range, but
considering the lack of other explanations for this discrep-
ancy, it seems the most likely possibility. Integrating our
data and those of Feriod et al., it appears that glucagon
plays a minimal role in basal substrate oxidation—consis-
tent with the fact that neither study showed any difference
in whole-body energy expenditure. Under ad libitum feed-
ing conditions, circulating glucagon concentrations are low
throughout the day, and it is possible that developmental
compensatory mechanisms unrelated to glucagon increase
hepatic mitochondrial oxidation, reducing liver triglyceride
content in liver-specific INSP3R1 knockout mice. However,
when glucagon is administered, INSP3R1 activation may
become a primary mechanism of regulation of mitochon-
drial oxidation in liver. Regardless of the explanation for
the seemingly divergent results of the aforementioned
studies, it is clear that further investigation, both mecha-
nistic and interventional, will be required to establish
whether INSP3R1 activation may hold promise for the
treatment of metabolic syndrome, NAFLD, and insulin
resistance.

The most important point to be addressed before
approaches targeting INSP3 signaling can move forward
in clinical trials is whether INSP3/INSP3R1 signaling
promotes hepatic mitochondrial oxidation—not whether
approaches activating mitochondrial oxidation may be
beneficial in treating NAFLD. Peroxisome proliferator–
activated receptor-a agonists, including fibrates, increase
fatty acid oxidation, although primarily in skeletal muscle,
and as such exhibit a clear benefit in systemic lipid and
glucose metabolism (40). There is substantial debate,
beyond the scope of this commentary, as to whether met-
formin, the most commonly prescribed antidiabetes drug
worldwide, is also an activator of mitochondrial b-oxida-
tion, potentially through its hotly contested, putative
effect to activate AMPK. Similarly, statins, which were

developed to combat hypercholesterolemia through their
ability to inhibit HMG-CoA reductase, have also been
shown to enhance fatty acid oxidation (41). It is possible
that glucagon may have potential in combination with
one or more of these agents. Metformin may be a particu-
larly attractive approach, as adding metformin to short-
term glucagon treatment would be expected to counter
the gluconeogenic effects of glucagon, while if anything
enhancing the oxidative function of glucagon.

To that point, in order to attenuate metabolic dysfunc-
tion (hyperglycemia) caused by hyperglucagonemia, it will
be necessary to determine the shortest possible duration
of treatment with glucagon that can reduce hepatic lipid
content. Glucagon will likely never be a feasible long-term
strategy to treat NAFLD but may be feasible for giving
patients a “head start” on normalizing hepatic lipid levels.
To maintain these improvements, glucagon treatment
would need to be integrated with, and then followed by,
lifestyle modifications to reduce energy intake and
enhance energy output. Of course, it is possible that glu-
cagon treatment may swing the energy intake pendulum
too far to be palatable: at high doses, glucagon can cause
nausea and vomiting (42). Although the dose targeted for
clinical trials would unquestionably be lower, these possi-
ble adverse effects would need to be monitored in clinical
trials. However, low-grade nausea would be unlikely to
halt the development of a drug designed to enhance mito-
chondrial oxidation, since several agents that cause mild
nausea are commonly used for type 2 diabetes, including
metformin and glucagon-like peptide 1 receptor agonists.
Clinical trials will be needed to determine whether the
cost-benefit balance is favorable for glucagon when
applied as short-term treatment of NAFLD. Further, the
potential role of INSP3R1 in mediating physiological
effects of glucagon agonists or coagonists remains to be
seen.

In summary, in recent work our group and others have
investigated the parallel mechanisms through which glu-
cagon promotes hepatic gluconeogenesis, by enhancing
cytosolic lipolysis, b-oxidation, and pyruvate carboxylase
flux, and promotes hepatic substrate oxidation, likely by
activating mitochondrial dehydrogenases. Short-term
treatment with glucagon or other INSP3R1 antagonists
may be a promising strategy to increase hepatic mito-
chondrial oxidation and reverse NAFLD. As glucagon can
be expected to have relatively benign therapeutic effects,
at least in those without diabetes, short-term treatment
with glucagon may be a viable approach to lower the acti-
vation barrier to alleviate NAFLD via lifestyle modifica-
tions. As shown in Fig. 2, these data highlight the
pleotropic roles for glucagon in both anabolic and cata-
bolic metabolism and emphasize that INSP3R1-dependent
glucagon action may be important in maintaining metabo-
lism within an appropriate range by balancing both
substrate production (gluconeogenesis) and break-
down (oxidation). Glucagon agonism in combination with
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lifestyle modifications may therefore hold promise in treat-
ing NAFLD by enhancing mitochondrial oxidation.
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